Introduction
Extant cetaceans (toothed whales and baleen whales) are highly transformed relative to all other extant mammals. Cetaceans are characterized by a nearly hairless body, reduced hind limbs, retracted nasal bones, caudal flukes, and a wholly aquatic lifestyle (Slijper 1962, pp. 58-92) . Predictably, the wide gap in morphology between cetaceans and other mammals is narrowed when extinct taxa are considered. Recently described Eocene whale material reveals functional and anatomical intermediates between obligately aquatic cetaceans and their terrestrial ungulate relatives (Gingerich et al. 1983 (Gingerich et al. , 1994 Gingerich, Smith, and Simons 1990; Berta 1994; Thewissen, Hussain, and Arif 1994) . These extinct taxa have obvious implications for cetacean origins. Less obvious is the notion that anatomical comparisons between whales and their closest extant relatives should also provide insights into the ancestral whale morphotype. Such clues are impossible to derive from fossils that do not preserve skin, reproductive organs, viscera, and behavior.
Unfortunately, the phylogenetic history of Cetacea is unresolved, making inferences of evolutionary transformation problematic. Several molecular analyses favor a recent common ancestor for Artiodactyla (even-toed ungulates) plus Cetacea (Boyden and Gemeroy 1950; Fitch and Beintema 1990; Milinkovitch, Orti, and Meyer 1993; Queralt et al. 1995) . Selected anatomical characters, such as a distinctive mechanism of penile erection, three primary bronchi of the lung, and a paraxonic arrangement of the metatarsals (Slijper 1962, pp. 136, 35 1, 352; Gingerich, Smith, and Simons 1990; Thewissen 1994) , are consistent with this hypothesis. Other molecular data sets support the derivation of Cetacea from within Artiodactyla, thus rendering the latter group paraphyletic. However, in these studies there is no consensus on the artiodactyl lineage that is closest to the ancestry of Cetacea (Goodman, Czelusniak, and Beeber 1985; Irwin, Kocher, and Wilson 1991; Graur and Higgins 1994; Irwin and Arnason 1994; Honeycutt et al. 1995) . From a morphological perspective, the interpretation of cetaceans as derived artiodactyls is considered outlandish and has been strongly criticized. Some anatomical data sets suggest that artiodactyls are not among the closest extant relatives of Cetacea (Prothero, Manning, and Fischer 1988; Novacek 1989; Thewissen 1994) .
Because of the apparent rapidity of the ungulate radiation in the early Cenozoic and the mode of evolution in the mitochondrial (mt) genes that have been sampled thus far, Philippe and Douzery (1994) argued that "close to 600,000 nucleotides, i.e, 20,000 nucleotides for thirty species, must be sequenced before molecular phylogenies provide a clear resolution about Artiodactyla monophyly." This estimate is greater than the entire mt genome in these organisms. As an alternative to mtDNA, we sampled nuclear casein genes whose pattern of nucleotide substitution may be more appropriate for this difficult systematic problem.
Caseins are nutritional milk proteins that are unique to mammals. In the milk of the domestic cow, k-casein and three calcium-sensitive caseins (as,, os2, and B) form stable aggregates called milk micelles. These micelles increase the solubility of calcium phosphate in milk and permit the efficient transfer of nutrients from mother to offspring (Mercier, Vilotte, and Provot 1990) . The casein genes form a tight linkage group in the domestic cow (Threadgill and Womack 1990) . However, while the calcium-sensitive caseins compose a small gene family (Hobbs and Rosen 1982) , k-casein is thought to be more closely related to the blood protein, y-fibrinogen (Jolles, Loucheux-Lefebvre, and Henschen 1978) .
Caseins evolve exceptionally rapidly at the amino acid level (e.g., Wolfe and Sharpe 1993) . This pattern is assumed to result from the relaxed evolutionary constraints on nutritional milk proteins that lack enzymatic function. Our alignments of casein DNA sequences from closely related species show that the rates of synonymous (silent) and nonsynonymous (replacement) nucleotide substitution are not significantly different, and that changes are evenly distributed over the three codon positions (unpublished data). Numerous sites are free to evolve, yet the average rate of substitution is much slower than that in commonly sequenced mt genes (Chikuni et al. 1995; unpublished data) .
In this report, K-casein and p-casein DNA sequences are analyzed cladistically to assess the phylogenetic placement of Cetacea relative to the major extant artiodactyl lineages and to five additional orders of placental mammals.
Materials and Methods

Data Collection
For the caseins, PCR amplification is not trivial. In alignments of published casein cDNA sequences, there are no long, contiguous stretches of conserved nucleotides where nondegenerate PCR primers can be implemented. The exon/intron structure of the caseins further hinders the design of effective PCR primers. The genes are over 90% intron, and the small exons are interspersed between long, presumably hypervariable, introns (Alexander et al. 1988; Bonsing et al. 1988; Mertier, Vilotte, and Provot 1990 PCR was by standard procedures using annealing temperatures ranging from 47 to 56°C. In most cases, various primer combinations and annealing temperatures had to be tested before there was positive amplification. PCR products were then cloned and manually sequenced according to previously reported protocols (Wray, Lee, and DeSalle 1993 Sequence Alignment/Character Coding Differences between clone sequences (polymorphism plus PCR and cloning error) as well as polymorphism in published sequences were coded as IUPAC ambiguities. Similarly, the three long direct repeat copies at the 3' end of the Cuvia rc-casein cDNA (Hall 1990 ) were aligned to each other, and sites with differences were assigned appropriate ambiguity codes ( fig.  1 ).
The casein sequences were algorithmically aligned with the parsimony-based alignment program MALIGN (Wheeler and Gladstein 1994) using a range of gap cost parameters (gap cost from two to five, nucleotide substitution cost equal to one, and the extragaps option set to one less than the gap cost). These computer-generated alignments were then adjusted so that all gaps in the final alignment were multiples of three and therefore did not disrupt the reading frame. The final alignments are shown in figure 1 .
Gaps of all lengths were coded as single characters, except when gaps of different lengths overlapped in the alignment. In these cases, contiguous gaps were divided into separate characters. For example, given a taxon A with a six-base gap, a taxon B with a three-base gap that overlaps the last three positions of the gap in taxon A, and a taxon C with no gaps, the first three gap positions would be coded as one character that is present in A and absent in B and C. The last three gap positions correspond to a second character that is present in A and B and absent in C. Codes for gap characters are shown following the final alignments in figure 1. I.-The final alignments of a-casein (exon 4) and p-casein (exon 7) sequences. The three direct repeat copies at the 3' end of the Cavia n-casein cDNA (Hall 1990 ) are aligned below the Y, g ambiguity coding for these repeats. Gap characters are marked by lowercase letters above the alignments, and codes for gap characters (0, I) follow each alignment. Dashes indicate where gaps were 9 introduced into the alignments. Dashes at the ends of sequences and among the gap characters are missing data. The gap character labeled GP accounts for the direct repeats in Cavia K-casein that are y minimally the result of one evolutionary event. Taxa are as described in Materials and Methods. Nucleotide positions correspond to 10550-I 1012 in the Bos taurus rc-casein sequence of Alexander et al. (1988) and 63266750 in the Bos taurus p-casein sequence of Bonsing et al. (1988) .
The individual casein genes were analyzed separately and combined using PAUP 3.1.1 (Swofford 1993) and NONA 1.0 (Goloboff 1993~) . All characters were equally weighted. Within a parsimony framework, an equal weighting of characters necessarily implies a minimization of the number of character transformations. Such statements show the best fit between initial hypotheses of homology and final estimates of homology (Farris and Kluge 1985) .
PAUP heuristic parsimony searches were 1,000 random addition replicates with TBR branch swapping. Alternative branch-swapping routines did not find shorter cladograms. PAUP results were checked using NONA with 1,000 random addition replicates and TBR branch swapping. All cladograms were rooted according to the morphological hypothesis of McKenna (1975) . That is, rodents and lagomorphs were used to root the remainder of the taxa. This rooting does not contradict the morphological consensus of Novacek (1989) .
Branch support (Bremer 1994) , the number of extra steps required to collapse a particular node, was estimated for each resolved clade using the "constraints" command in PAUP and 50 random addition replicates with TBR branch swapping. Bootstrapping is encouraged by Molecular Biology and Evolution. Bootstrap scores (Felsenstein 1985) were derived from 1,000 replicates using PAUP with simple taxon addition and TBR branch swapping.
Mt cytochrome b (cytb) is the only DNA sequence that has been sampled for all of the taxa in the casein data set (Irwin, Kocher, and Wilson 1991; Ma et al. 1993; Irwin and Arnason 1994) . Mt cytb data (1,140 nucleotide positions) were analyzed with the caseins in a combined phylogenetic analysis. All characters were given equal weight. Mt cytb sequences used in this study are: cow (=Bos tuurus), sheep (=Ovis aries), goat (= Cupru hircus), pronghorn (=Antilocupru americana), giraffe (= Giraffa camelopardalis), deer (= Odocoileus hemionus), chevrotain (= Tragulus napu), camel (=Ca-melus dromedarius), pig (=Sus scrofa), peccary (= Tayassu tajacu), hippo (=Hippopotamus amphibius), toothed whale (=Stenella attenuata), baleen whale (=Balaenoptera physalus), zebra (= Equus grevyi), rhino (=Diceros bicornis), seal (=Phoca vitulina), human (=Homo sapiens), rabbit (= Oryctolagus cuniculus), mouse (=Mus domesticus), and rat (=Rattus norvegicus) from GenBank and guinea pig (= Cavia porcellus) from Ma et al. (1993) .
In analyses where we found more than one minimum-length cladogram, we reduced the number of equal-length topologies by Goloboff weighting with character fit (k from 1 to 6) using PEEWEE (Goloboff 19936) . This procedure weights individual characters according to their homoplasy. The different k values specify the concavity of the weighting curve (Goloboff 1993c) .
Results
Independent cladistic analyses of the two casein genes produce broadly congruent results (figs. 2A and B). Cetacea is solidly entrenched within Artiodactyla.
No rootings of the minimum-length cladograms are consistent with artiodactyl monophyly. For both genes, the sister group of Cetacea is Hippopotamidae, although support is not overwhelming. Much of the topological disagreement between the two gene trees is within the Pecora (bovids, cervids, giraffids, and antilocaprids), a group that historically has been resistant to consistent hierarchical subdivision (Gentry and Hooker 1988; Kraus and Miyamoto 1991) .
When the B-and K-casein data are analyzed simultaneously, Artiodactyla remains paraphyletic, and the sister group of Cetacea again is Hippopotamidae ( fig.  2C) . As in the analyses of the individual genes, the Hippopotamus/Cetacea group clusters with Ruminantia (Pecora + Tragulidae-chevrotains). Eleven extra evolutionary steps are required to make Artiodactyla monophyletic. When this constraint is applied, Cetacea is the sister group of Artiodactyla. Forty-four additional steps are necessary for the data to conform to some morphological estimates of ungulate phylogeny in which Cetacea is more closely related to Perissodactyla (odd-toed ungulates) than to Artiodactyla (Prothero, Manning, and Fischer 1988; Novacek 1989; Thewissen 1994) .
The relative quality of the casein data set is indicated in several measures:
1.
2.
3.
4.
5.
There are many previously hypothesized clades in all topologies (figs. 2A-C). As these groups were erected on the basis of morphological evidence, the presence of these clades is an indication of the consistency of the casein data with gross anatomical data. In the combined B-plus K-casein cladogram, branch support values (Bremer 1994 ) and bootstrap scores (Felsenstein 1985) are high for most components ( fig.  2C ). There is much character congruence between the caseins. One percent of the total character incongruence in the combined casein tree is accounted for by conflict between the K -and B-casein data sets (Mickevich and Farris 1981) . The combined casein cladogram is only five steps longer than the sum of the individual gene cladogram lengths ( figs. 2A-C) . There is also much taxonomic congruence between the two casein gene topologies. Twelve of 17 comparable nodes are consistent between the K -and B-casein topologies (Fig. 2B) . For all codon positions, ensemble consistency indices (Kluge and Farris 1969) and retention indices (Farris 1989 ) are higher in the caseins than in mt cytb ( fig.  3) . This is the case whether these statistics are calculated from the combined casein plus mt cytb tree ( fig. 2D-see below) or from independent phylogenetic analyses of each codon position in isolation from other characters (analyses not shown). Nucleotide substitutions in the caseins are spread relatively evenly among the three codon positions (fig. 3 ). An even distribution of substitutions across the three codon positions may limit the number of multiple hits at individual sites. fig. 20) . The average rate of nucleotide substitution is lowest for position 2 of mt cytb. The consistency index (C) and retention index (R) for each codon position is shown. In mt cytb, the excess of substitutions at third codon positions and the scarcity of substitutions at second positions are indicative of strong selective constraints to maintain amino acid sequence (Irwin, Kocher, and Wilson 1991) . In contrast, the pattern of substitution in the caseins is more balanced among the three codon positions and suggests that the synonymous and nonsynonymous rates of nucleotide substitution are not as disparate as in mt cytb. For the above analyses, the number of aligned nucleotide positions for each gene was: a-casein = 495, p-casein = 471, and mt cytb = 1,140.
other analyses (figs. 2A-c), but total support, the sum of all branch support values over the tree (Bremer 1994) , increases (figs. 2C and D). The following taxonomic groups are consistent with the combined casein/mt cytb topology: Caprini, Bovidae, Pecora, Ruminantia, Cetatea, Suina, Ungulata, Perissodactyla, Glires, Rodentia, and Murinae ( fig. 20) . The cost of a monophyletic Artiodactyla, i.e., the number of steps required to remove Cetacea from within Artiodactyla, is 19 character changes. In addition to the odd placement of Cetacea, the extreme basal position of Camelidae (camels and llamas) within Artiodactyla is contrary to morphological evidence (Gentry and Hooker 1988) .
When the mt cytb data are combined with the Kand B-casein data, branch support for the hippo/whale clade increases from 4 to 12 (figs. 2C and 0). This group is not resolved in an equally weighted analysis of the mt cytb data alone (i.e., branch support = 0). On the fittest topology for the combined DNA data ( fig. 2D ), 2 unambiguous character transformations in K-casein, 5 in B-casein, and 15 in mt cytb support the hippo/whale clade.
Discussion
In all of the casein trees ( fig. 2) , the tight relationship of Ruminantia, artiodactyls that chew the cud, with Cetacea is supported. The implication is that a domestic goat is more closely related to a giant baleen whale than to a dromedary or a domestic pig. A recent reanalysis of published mtDNA sequences and nuclear amino acid sequences for quartets of species found "statistical support" for this same grouping (Graur and Higgins 1994) .
The Cetacea/Hippopotamidae clade ( fig. 2) , which was first detected in weighted analyses of mt cytb (Irwin and Arnason 1994) , is perhaps more intriguing. Because of the numerous extinctions along the stem lineage of cetaceans, most major insights into the transformation from a terrestrial ungulate to a fully aquatic cetacean will come from fossil taxa. Regardless, the cladograms in figure 2 suggest that neontological data may provide some unique information. Extant cetaceans are characterized by a nearly hairless body, the absence of sebaceous glands, a thick layer of insulating fat, offspring that nurse while submerged, a lack of scrotal testes, and a general aquatic habit (Slijper 1962, pp. 58-69, 296-299,349,380-382; Nowak and Paradiso 1983, pp. 969-973) . Although differing substantially in form, all of the above features are seen in one or both extant hippopotamid species (Crisp 1867; Chapman 1881; Slijper 1962, p. 381; Luck and Wright 1964; Nowak and Paradiso 1983, pp. 1347-135 1; Erken, Klaver, and Frankenhuis 1994) . Given a close Hippopotamidae/Cetacea alliance, the principle of parsimony implies that at least some of these characteristics were acquired in the common ancestor of this clade. Thus, many of the aquatic traits that are seen in extant cetaceans may have evolved long before the emergence of the most primitive whale, Pakicetus, in the Eocene 49.0-52.5 million years ago (Gingerich et al. 1994) .
Both cetaceans and hippopotamids vocalize and apparently communicate underwater (Barklow 1995) . Barklow (1995) has noted that "the most intriguing of the hippos' underwater sounds are the various types of clicks they make, usually in a series. These 'click trains' bring to mind similar sounds of cetaceans . . . ." Traditionally, echolocation has been interpreted as a specialization of odontocetes, toothed whales. Some molecular evidence suggests that Odontoceti is paraphyletic and that the ability to echolocate was present in the common ancestor of all extant cetaceans (Milinkovitch, Orti, and Meyer 1993; Milinkovitch, Meyer, and Powell 1994; Milinkovitch 1995) . Given our phylogenetic results, it might be profitable to test whether echolocation has an even more general distribution within ungulates. Although there are speculative accounts of echo-ranging in Hippopotamus (Longhurst 1966) , at present, clear evidence is lacking.
The close relationship of amphibious hippos to whales makes the evolutionary transition from land to sea seem less daunting. However, whether the Hippopotamidae should be considered a functional intermediate to Cetacea critically hinges on the phylogenetic placement of extinct relatives of cetaceans and hippopotamids, the detection of aquatic habits in these extinct taxa, and a reconciliation of the complicated paleontological and molecular evidence.
If Hippopotamidae is the extant sister group of Cetacea, and their common aquatic traits are synapomorphies, the extinct relatives of hippos and whales should also exhibit aquatic specializations. Although alternative hypotheses are actively entertained (Pickford 1983) , the two extant hippopotamid species generally are presumed to be relicts of the anthracothere lineage of artiodactyls (Colbert 1935; Gentry and Hooker 1988) . Anthracotheres extend back to the Eocene (Ducrocq 1994) and at least some are thought to have been semiaquatic (Pickford 1983) . Cetaceans are considered to be most closely related to Mesonychia (as delimited by Thewissen 1994), a Paleocene to late Eocene grade of camivorous/omnivorous hoofed mammals (Osborn 1924; Szalay and Gould 1966) . Most mesonychians are not characterized by obvious aquatic features and some are interpreted as being highly cursorial (Zhou, Sanders, and Gingerich 1992, but see O'Leary and Rose 1995) .
If the casein trees are accurate, even the most straightforward scenarios of cetacean origins would require either imposing gaps in the fossil record ( fig. 4A ) or an excess of morphological convergence ( fig. 4B ).
For example, if cetaceans + mesonychians (the Cete of Thewissen 1994) are derived artiodactyls, aquatic specializations of cetaceans and hippopotamids can be interpreted as convergences ( fig. 4A ). This scenario entails large gaps in the fossil record. The oldest mesonychians are found in the Paleocene about 60 million years ago while the first artiodactyls appear in the earliest Eocene approximately 54 million years ago (Thewissen 1994) .
In contrast, if cetaceans are derived artiodactyls but mesonychians are not ( fig. 4B ), aquatic specializations shared by hippos and cetaceans are at least potentially homologous. In this interpretation, there has been considerable convergence in the anatomy of early cetaceans and mesonychians ( fig. 4B ). With reference to the morphological character matrix of Thewissen (1994) , the cost of removing Cetacea from within Mesonychia and linking Cetacea with Artiodactyla is not trivial (six steps). This cost does not include the number of extra evolutionary transformations that are necessary to imbed Cetacea within Artiodactyla. Both of the above schemes (figs. 4A and B) require the loss of numerous typical artiodactyl characters in basal cetaceans or their close relatives (Prothero, Manning, and Fischer 1988) .
Alternatively, the casein data may be the problem. Perhaps there has been extensive convergence in the milk proteins of mammals that sometimes (hippos) or always (whales) nurse in the water. One could speculate that the close genetic linkage of K-casein and p-casein as well as the functional interaction of these two proteins in the milk micelle may account for some of the character correlation in our combined casein trees (figs. 2C and 0). Furthermore, it could be imagined that nucleotide substitution rate differences between lineages may mislead (Felsenstein 1978) .
Regardless, the few DNA data sets that have sampled both Hippopotamidae and Cetacea-to our knowledge, the 2,107 nucleotide positions analyzed heresupport a close relationship of these taxa. If the casein trees are accurate, detailed comparisons of extant ruminants and hippopotamids with whales should reveal additional anatomical characters that justify the nesting of cetaceans within the Artiodactyla. Furthermore, new fossil discoveries should include basal cetaceans that have typical artiodactyl skeletal characters. Fossil and other systematic evidence will test whether milk, a defining feature of mammals, offers powerful information for mammalian phylogenetics.
